critically depends on standardized tracheal inflation pressure and volume, in the absence of a pleural leakage.
Reply to Bogaard et al.
From the Authors:
We thank Bogaard and coworkers for opening such an important discussion on the role of emphysema in the SU5416/hypoxia (SuHx) rat model of pulmonary hypertension. In our study (1) , we subcutaneously injected male Wistar-Kyoto (WKY) rats at the age of 8-10 weeks (Janvier Labs) with Sugen 5416 (Su5416, 20 mg/kg body weight; Tocris) dissolved in DMSO, followed by chronic hypoxia (10% oxygen) exposure for 21 days and normoxia reexposure for an additional 14 days (SuHx). Microscopic computed tomography (mCT)-derived end-expiratory lung volume was used to estimate lung density, FRC, and air-to-tissue ratio. We demonstrated the presence of pulmonary emphysema in WKY rats subjected to SuHx in comparison with normoxic control by in vivo high-resolution mCT. We further verified the results in histology, suggesting that high-resolution mCT is a powerful tool in monitoring the disease progression in SuHx rats.
We fully agree with the authors that the histological airspace assessment critically depends on the fixation protocol and degree of the lung inflation. In our study, we used an established standardized fixation protocol that is commonly used in our laboratory for lungs that will undergo emphysema quantification. After vascular perfusion with saline solution, fixation was performed under simultaneous vascular perfusion (22 cm H 2 O) and inflation (12 cm H 2 O) with formalin (Otto Fischar GmbH). After 10 minutes of fixation, the lung has been removed and kept in formalin solution for 24 hours, followed by dehydration and paraffin embedding. This method prevents atelectasis formation and ensures constant airway pressure during fixation of the lung structure for further quantification by standard morphometric assessment of the mean linear intercept (MLI) that is established in our group (2) (3) (4) .
The authors demonstrated that MLI remained unchanged in SuHx rat lungs compared with the corresponding control lungs in Sprague Dawley (SD) rats obtained from Charles River. However, our results are confirmed by the group of Duncan Stewart, in which investigators revealed the increased MLI in the SuHx model in SD rats obtained from Harlan. Similarly, Spiekerkoetter and coworkers reported increased right ventricular systolic pressure (RVSP) (z55-60 mm Hg) and emphysema in male SD rats aged 8 weeks, weighing between 180 and 220 g, subjected to Sugen (Cayman Chemicals), and exposed to chronic hypoxia for 3 weeks, followed by a period of 5 weeks of normoxia (5) .
Bogaard and coworkers stated, "Dean and colleagues did not report any emphysema-like lung phenotype in female Wistar rats exposed to SuHx" (6) . To our knowledge, in this particular study and in other studies listed as references to underline the notion that emphysema is not a feature of the SuHx model, the authors did not perform lung alveolar morphometry and focused predominantly on pulmonary vascular remodeling analysis (5, (7) (8) (9) (10) (11) . In addition, there are substantial differences between Wistar and WKY rats. As reported previously, WKY rats are more prone to inflammation in comparison to Wistar and SD rat strains when exposed to hypoxia (12) . It could at least partially contribute to the more prominent emphysema phenotype in WKY in comparison with SD rats in response to SuHx. The pronounced differences in the vascular (and maybe alveolar) response to SU5416/hypoxia in different rat strains and colonies has recently been demonstrated (10) .
Bogaard and coworkers raised an important issue regarding the severity of emphysema. Although there is no clear definition with regard to the severity of emphysema in animal models, more than 25% of MLI and a 30% increase of mCT-derived lung aeration can be considered severe. Nevertheless, to address this issue, invasive physiological measurements of lung function are required (such as lung compliance).
In a mouse model of cigarette smoke-induced emphysema that is established in our laboratory, we observed a similar degree of emphysema. A long-term exposure of 8 months leads to development of emphysema, seen as a 15-30% increase in MLI (2, 4) . It appears that in rodent models, because of the significantly shorter life span, symptoms of chronic diseases such as emphysema do not reach severity as observed in human patients. For that reason, we consider a 25% increase in MLI in such a short time span as severe. The SuHx rat model represents one of the most commonly used animal models of pulmonary hypertension, which closely mimics the vascular changes observed in human specimens. However, we disagree with the statement "that the Sugen-hypoxia (SuHx) rat model, when yielding RVSP consistently .60 mm Hg using adequate controls and standardized lung inflation, is currently one of the best rodent models to study PAH." This statement does not consider strain differences in the vascular and alveolar changes in response to SuHx or variations in hemodynamics (right ventricular systolic pressure, Q :
). Several studies conducted in SD rats report mean RVSP values ,60 mm Hg (5, (13) (14) (15) , partly dependent on the time range of normoxic reexposure, which can lead to a partial decrease in pulmonary artery pressure (9) . Finally, other factors such as stroke volume, Q : , heart rate, and hematocrit contribute to RVSP values in rodents as well.
We initiated a longitudinal study in different rat strains including lung mCT imaging and extensive histological analysis to describe the alveolar and vascular changes in the SuHx model dependent on the strain and different times of normoxic reexposure to identify the right strain and time for pharmacologic testing at our center. As we have stated previously, the potential presence of emphysema in the SuHx model of pulmonary hypertension should be taken into account when drawing conclusions and interpreting results.
In essence, the comments by Bogaard and colleagues highlight the need for international harmonization of protocols (including disease induction and thorough methodological workup) in the field of preclinical disease models. The same rigor should be applied as has been done for decades now for the harmonization of human clinical trial protocols. n
